Abstract: Mistic represents a family of unique membrane-associating proteins originally found in Bacillus subtilis (M110). As a fusion partner, it has been shown to assist overexpression of foreign integral membrane proteins in E. coli. We have expressed shorter Mistic homologs from other Bacillus species and surprisingly, unlike M110, found them abundant in the cytoplasm. These Mistic homologs including the corresponding shorter sequence (amino acids 27 through 110 of M110) exist as multimeric assemblies in solution in the absence of detergent. Crystals of Mistic from B. leicheniformis (M2) diffracted to 3.2 Å resolution, indicating that it exists as a multimer in the crystalline state as well. Moreover, we show that although M2 is mostly a-helical, it tends to polymerize and form fibrils. Such oligomerization could potentially mask the charged surface of the monomeric Mistic to assist membrane integration.
Introduction
Integral membrane proteins (IMPs) constitute up to 30% of all genes encoded by sequenced genomes. 1, 2 They mediate various activities such as nerve impulses, hormone action or allow pathogens to sense their environment, and elicit a virulence response, all of which makes them the largest groups of drug target proteins. 3 Unfortunately, structural determination of IMPs remains an immense challenge with only $1.5% of the protein structures in the Protein Data Bank (PDB) are of IMPs, thus limiting our understanding of their function at the molecular level. Most membrane proteins do not exist in abundance naturally, and therefore heterologous overexpression of IMPs is a prerequisite challenge for structural studies. Heterologous expressions of eukaryotic IMPs in bacteria has limited success because of the toxicity associated with saturating the secretory system, incompatibility in translation and traffic to the membrane, rapid degradation of the foreign protein, lack of post-translational modifications, and other misfolding problems directing the protein to inclusion bodies.
Recently, a novel membrane-associating protein discovered in Bacillus subtilis, 4 Mistic, has been
shown to enhance the expression levels of a large number of foreign IMPs in the inner membrane of E. coli, when used as a fusion partner linked to their Ntermini. [4] [5] [6] [7] [8] Interestingly, Mistic lacks any identified or in fusion to other IMP, lacks the toxicity issues associated with overloading the protein translation machinery and thus is likely to bypass the E. coli translocon complex. The solution-NMR structure of Mistic, in detergent micelle of lauryl-dimethylamine-N-oxide (LDAO), shows a compact four-helix-bundle fold. 4 Structurally, Mistic differs from most of the membrane proteins as its surface area is not very hydrophobic but rather made up of many acidic residues, and none of its helices are predicted to form hydrophobic transmembrane segments. Therefore, the resident orientation of Mistic within the membrane has not been established, and the relationship of the four-helix-bundle structure to its function is still to be investigated by other techniques. Mistic requires detergent for solubility, and it has been so far unsuccessful to crystallize. To bypass this challenge, we have studied Mistic homologs found in other Bacillus species. 5 These Mistic orthologs from B.
licheniformis (M2), B. mojavensis (M3), and B. atrophaeus (M4) all lack the N-terminal 26 amino acids of Mistic from B. subtilis, corresponding to the first a-helix of its solution-NMR structure. For nomenclature, we refer to the originally identified Mistic from B. subtilis (110 amino acids long) as M110, and to its shorter sequence 5 starting at Met27 as M1 (Fig. 1) . We have expressed these Mistic proteins, M1, M2, M3, and M4, in E. coli independently, and found that, unlike M110, the shorter forms are significantly more soluble in the absence of detergent. In light of the crystals of M2 we report here and our data on the formation of fibrils by Mistic proteins, we discuss the correlation between its crystalline, soluble, and aggregated states and the possible implications for membrane insertion.
Results and Discussion

Mistic orthologs express in the cytoplasm
The facts that M110 expresses primarily in the bacterial membrane, 4 and that the shorter Mistic proteins have comparable capacity to enhance expression of IMP fused to their C-termini, 5 stimulated us to determine whether they too express at the inner membrane of E. coli. Figure 2 shows that M110 is essentially insoluble and associates tightly with the membrane. Surprisingly, M1, which corresponds to the amino acid sequence 27-110 of M110, is mainly soluble with some level of association with the membrane. M2, the most distant sequence from M1, also exists mainly in the soluble fraction but shows an increased association with the membrane. Interestingly, M3 and M4, which are more closely related to the sequence of M1, interact significantly with the membrane, with M4 showing the highest existence in the pellet, comparable with that of M110. The mutation M75A had been shown to dramatically reduce the membrane association of M110 leading to cytoplasmic protein expression and lack of enhanced IMP expression as a fusion partner. 4 Similarly, we find that the mutation corresponding to this position on M1, M49A, yields a highly soluble protein product with practically no existence at the membrane (see Fig. 2 ). M2 has Ile instead of Met at position 49; however, it has a Met at position 48. In an attempt to increase its solubility, we generated two M2 mutants, M48A and I49A. Our data shows that M48A, but not I49A, reduces membrane association and increased soluble expression levels of the wt M2.
The shorter Mistic proteins are soluble multimers
As seen earlier, the shorter Mistic forms, M1 through M4, are all abundant in the bacterial cytoplasm and thus do not require detergent for their purification. Moreover, expression can be readily upscaled to obtain 30-40 mg/L of pure protein from either form, which makes them potentially less challenging for crystallization than M110 that requires detergent for solubility. All the Mistic proteins migrate as monomers on an SDS gel, however, it can be seen in Figure 2 (Soluble gel) that there are noticeable differences in their migration rates that cannot be accounted for by the differences in their mass ($10,500 Da for all of them). Such differences in the migration rates are indicative of variation in the monomeric form, even in the presence of SDS, particularly exemplified by the mutation M48A which slows the migration of M2.
Interestingly, in the absence of detergent, all the short Mistic forms exist as multimers in solution (including M1, M2, M3, and M4), as typified by the migration of M2 on a size-exclusion chromatography (SEC) column shown in Figure 3 . Static-light scattering analysis shows that there is a relatively stable oligomeric form with $173 kDa, corresponding to about 16 M2 subunits (each monomer of 10,516 Da). However, higher order aggregates exist and their proportion increases daily when the proteins are stored at 4 C or À20 C. In contrast, M1 M49A exists as a discrete and stable tetramer with a measured molar mass of $43 kDa (see Fig. 3 ). Interestingly, although the mutation M48A increases the solubility of M2, it neither changes the aggregation of M2 dramatically nor gives rise to discrete tetramerization of M2.
Crystals of M2
Data from protein crystals were collected to a resolution of 3.2 Å. Initial indexing of the intensities indicated the possibility of a primitive orthorhombic Bravais lattice (since the b angle is close to 90 , see later);
however, the merging statistics were only reasonable for a monoclinic lattice. Inspection of the systematic absences clearly revealed (0,k,0) with k ¼ 2n as the reflection condition, consistent with the P21 space group. The reflection data statistics for the M2 crystals are shown in Table I . Solvent-content analysis 9 indicates eight molecules in the asymmetric unit (ASU) for crystals Dvir et al. Fig. 4(B) ]. Taken together, it seems likely that the ASU contains two tetramers related by pseudo-centering symmetry, and thus the whole unit cell consists of four tetramers. Interestingly, the size of such an assembly is consistent with the size we measured in solution by light scattering, although the symmetry might not be similar.
The solution-NMR structure of Mistic did not provide significant molecular replacement solutions, and the ab initio or structure-based theoretical models for M2 produced by the Rosetta server (Rosetta.org) as Target expression of wt and mutant Mistic proteins. Soluble proteins (right gel) were separated from the pellet (left gel) containing membrane (Memb) and inclusion bodies (IB) proteins. Membrane-associated proteins were solubilized by SDS, after which SDS-insoluble proteins (IB) were spun down (see Materials and Methods section). On the pellet gel, 10 lL samples were loaded of IB on the left next to SDS-solublized pellet (out of 1 mL total) on the right (Memb). On the soluble gel, 10 lL samples (out of 10 mL total soluble fraction, or 1 mL of the Ni 2þ elution) were loaded before (left) and after (right) Ni 2þ purification. Proteins bands are identified by Coomassie stain. The IB bands that show up for most samples at around 40 kDa does not correspond to Mistic protein, but rather to an E. coli outer membrane pore protein, as revealed by its Nterminal sequence (AEIYNKDGNKMD). Interestingly, the intensity for that band is correlated with the intensity for the membrane-associated Mistic proteins. We have detected this band in overexpression of some bacterial IMP fused to Mistic (unpublished data), and it appears that the expression of this porin may get induced upon population of the membrane by Mistic proteins. However, this possible connection would need to be further confirmed and investigated to understand its mechanism.
well. It is likely that there are variations in the structures among the eight putative molecules of M2 of ASU. Regardless, it is evident that the large number of molecules in ASU prohibits structure determination by molecular replacement. Translational element does not contribute to NCS averaging, thus provides no help in phase improvement. For the purpose of crystal structure determination, we are searching for heavy-atom derivative crystals and new crystal forms with smaller number of ASU and with better diffracting power.
Fibril formation by M2
Interestingly, M2 turns into a gel-like state once concentrated down to $20 mg/mL at 25 C, a process that is inhibited at 4 C or on ice. M1, although more soluble than M2, can still turn into gel-like entity at around 20 mg/mL, whereas the mutant M1 M49A is highly soluble and does not form a gel up to a concentration of $100 mg/mL. This form of polymerization is common among proteins that form amyloid fibrils. We have therefore focused on the analysis of concentrated (>20 mg/mL) samples of M2, M1, and M1 M49A by electron microscopy (EM). The EM data show that M2 forms fibrils, M1 forms short and bended protofibrils, which is a form of premature fibril, while M1 M49A does not aggregate at all (Fig.  5) . Moreover, it can be seen that M2 exists primarily in the fibrillar state and no globule-like structures were observed, indicating the practical absence of low-order assemblies. In contrast, M1 M49A shows only globule-like structures typified by low-order assemblies. Unlike amyloid fibrils, which are formed by stacking of b-sheets, the fibrils of M2 and M1 are likely composed of a-helical structure as indicated by CD [ Fig. 6(A) ] and by the solution-NMR structure of M110. 4 Additional support for this notion comes from the failure of M2 fibrils to bind the traditional amyloid-specific dye, Thioflavin-T, 12 suggesting that these fibrils are not amyloid fibrils, thus probably not made up of beta sheets. An alternate way to form highly organized aggregates has been proposed by the ''runaway domain swapping'' model. 13, 14 It is different from the commonly observed ''close-ended'' domain swapping, 15 in which monomers swap small domains to form symmetric oligomers (such as dimers, trimers, tetramers, etc.). In the case of runaway domain swapping for the polymerization to continue to a higher order, it requires ''open-ended'' domain swapping, in which each monomer swaps a domain with the complementary domain of an adjacent monomer along the fibril allowing it to grow on both ends. If the polymerization observed in the solution is similar to that in the multimeric crystal of M2 we herein report, then the three-dimensional packing of such a structure may shed light into the formation of runaway domain swapping. In addition, since the mutation M49A of M1 appears to inhibit fibril formation and eliminates higher-order aggregates, it is possible that the tetramer is the minimal domain-swapping unit in this case. Studying such a structure in comparison with its wt would be highly valuable to 
, where I i (hkl) is the ith measurement and hI(hkl)i is the mean of all measurements of I(hkl) for Miller indices hkl.
our understanding of a-helical fibril formation. We hope that the data we present here will facilitate such analysis in the near future. Finally, both the highly charged surface of the solution-NMR structure of Mistic and the high solubility of the short Mistic orthologs make it difficult to imagine how it inserts into the hydrophobic lipid-bilayer membrane. Polymerization, as observed for all the soluble Mistic proteins, may help to mask the charged surface of the monomers and thereby assist membrane insertion. Intriguingly, it has been shown that fibrils tend to associate with lipid membranes, [16] [17] [18] [19] therefore structural insight into the polymerization of Mistic may provide insight into the unknown biophysical process of membrane insertion independent of the translocon machinery. 
Materials and Methods
Cloning and purification
All Mistic homologs were cloned into the plasmid pET21b (Novagen, Madison, WI) under the control of a T7 promoter, with a C-terminal thrombin cleavage site followed by a hexa-His tag. 
Light scattering
Static light-scattering measurements coupled with SEC were performed using Wyatt miniDAWN (Wyatt Technology, Santa Barbara, CA) and G3000PWXL column (Tosoh Bioscience, Montgomeryville, PA). Molar masses were derived by the Zimm fit method in ASTRA V (Wyatt Technology, Santa Barbara, CA) using concentrations obtained from UV at 280 nm and protein-specific refractive index increment (dn/dc) of 0.186.
Crystallization
Before crystallization, M2 was concentrated to 10-15 mg/mL in the SEC buffer. The crystals of M2 grow (up to $0.35 mm in length) via both the hanging and the sitting-drop vapor-diffusion methods, by mixing equal volumes of protein stock solution and the reservoir (38% MPD, 0.1M Tris pH 8.8 and 0.2M MgAc). The protein crystals grow in 2-4 days at 15 C. Before X-ray data collection, protein crystals were transferred to a fresh mother liquor solution containing 40% of MPD.
X-ray data analysis
Diffraction data from the native protein crystal were collected on an ADSC Q210 CCD detector at 100 K on Figure 6 . CD spectra of Mistic. In Panel A, the CD spectra of M2, M1, and M1M49A shows helical structure in solution. The negative ellipticity (h) of M1M49A at 222 and 208 nm is greater than that of M2 and M1, suggesting more helical content of this protein in solution. In Panel B, the CD spectra of M2 shows decreased helicity at higher protein concentration; however, the presence of helical secondary structure is still evident.
beamline 8.2.1 (ALS, Berkeley California). All X-ray data were indexed and integrated using the program MOSFLM v.6.2.4 20 and merged and scaled with SCALA 21 from the CCP4 program package.
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Electron microscopy
Protein samples were concentrated to at least 20 mg/mL and kept at 4 C. The concentrated samples were diluted in Buffer A (10 mM Tris, 1 mM EDTA, 25 mM dithiothreitol, 7.5) to a final concentration of 50 lM and spotted on a glow-discharged, carbon-coated Formvar grid (Electron Microscopy Sciences), incubated for 5 min, washed with distilled water, and then stained with 1% (w/v) aqueous uranyl formate solution. Uranyl formate solutions were filtered through 0.2-lm sterile syringe filters (Corning, Corning, NY) before use. EM analysis was performed using a JEOL JEM-100CXII electron microscope at 80 kV with nominal magnifications between 36,000 and 72,000. The images were recorded digitally by using the SIS Megaview III imaging system. At least two independent experiments were carried out for each sample.
Thioflavin T binding
The concentrated samples were diluted with Buffer A to a final concentration of 50 lM, and then the solution was mixed with 2 lL of 1 mM Thio T prepared in the same buffer. Fluorescence was measured immediately after the addition of Thio T. The experiment was measured on a spectrofluorimeter (Photon Technology International, Lawrenceville, NJ) with excitation at 450 nm and emission at 482 nm. A rectangular 10-mm quartz microcuvette was used. Three independent experiments were performed for each sample.
Circular dichroism spectroscopy
Protein samples were concentrated to at least 20 mg/ mL and kept at 4 C. The concentrated samples were diluted into Buffer A to a final concentration of 25 lM. The solution was then placed into a 0.1-cm path-length quartz cell (Hellma, Forest Hills, NY). Spectra were acquired using an instrument of BioLogic MOS-450 (Molecular Kinetics, Pullman, WA). All measurements were done at 23 C. Spectra were generally recorded over the wavelength range of 196-260 nm. Three independent experiments were performed with each sample. Raw data were manipulated by smoothing and subtraction of buffer spectra, according to the manufacturer's instructions.
